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Abstract- Spatial selectivity can be obtained when recording the
activity of a peripheral nerve [1-4] or corticospinal pathways of
the spinal cord [5] by circumferential placement of the metal
contacts around the axon bundle. Selectivity indices that have
been proposed [1-3], however, do not measure how the channel
discriminability deteriorates in the presence of noise. The pattern
of amplitude distribution across the recording sites during a
neural firing (a vector) can be considered as a symbol received at
the end of an information channel. Thus, the performance of the
neural interface/recording method can be quantified for the noisy
case and compared with others using the classic formulaé for the
information channels. Monte Carlo simulations in this study show
that the decay of information transfer rate with noise can
differentiate between neural interfaces that have identical spatial
selectivity indices based on the Euclidian distance measure [2].
Noise tolerance can be the method of choice to assess the
performance of multi-channel neural interfaces in terms of
channel discrimination.

Keywords- selective nerve recording, neural interface, signal-to-
noiseratio, information rate.

|. INTRODUCTION

Severa spatial selectivity measures have been proposed for
multi-channel recordings of peripheral neural activity [1-4].
The Euclidian distance measure [2] has been adapted as a
measure of selectivity for multi-contact recordings of the spina
cord [5]. However, the information provided by these measures
is not very practical since it does not convey how discriminable
the channels would be in the presence of noise. In a noiseless
system, any level of selectivity is perfect since al the channels
can be distinguished without error. In a neural prosthetic
application, however, the noise tolerance will determine the
effective rate of information transfer for neural signals.

Information transfer rate was proposed as a standard measure
of performance for brain-computer interfaces based on the
accuracy of the selections made by the subject [6]. In this
paper, we apply this analysis to quantify the performance of the
neura interface alone without the subjective component. We
assume that the noiseless version of the neural datais available.
In several hypothetical cases, the Euclidian distances between
the symboals, i.e. parameter vectors, are calculated and Gaussian
distributed white noise is superimposed to simulate the
background therma noise and/or neural contamination. The
simulations indicate that the decay in the information rate with
noise is sensitive to the location of individual symbols in the
vector space. Using this analysis, one can find the theoretical
information transfer rate for any amount of background noise
and thereby compare multi-channel recording interfaces
Jtechniques based on their noise tolerance.

Il. SIMULATIONS
A. Correct Classification of Symbols/Vectors with Noise

Let us consider a case where we have a set of m dimensional
n orthogonal vectors with unit lengths. Each vector consists of
a set of characteristic measurements (amplitude, temporal
duration, slope, etc.) taken from the neura signals. Although
neural signals are analog in nature, any analog signal can be
represented with discrete samples. In this anaysis, the
measurement vectors will be considered as symbols transferred
through a noisy channel, i.e. the neural interface. During the
transfer, the vectors are contaminated with Gaussian distributed
white noise. The probability of correctly classifying a newly
generated (received) vector at the end of the channel will be 1
for zero noise and it will decrease as the noise is increasing.
One can statistically find this probability using the Monte-
Carlo approach, i.e. with many realizations of the noise
component superimposed on the original vectors. The
probability of correct classification is shown in Fig. 1 for
m=n=2,3,4, and 5 for noise varying from zero to hundred
percent. Notice that the larger the number of vectorsin the set,
the lower the probabilities are despite the fact that the vector
dimension (m) is aso increased aong with the number of
vectorsin the set (n).
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Fig. 1. Probability of correctly classifying a new vector that is
identical to one of the vectors in a set of n dimensiona n orthogona
vectors with unit lengths. Standard deviation of the Gaussian
distributed noise that contaminates the new vector is varied from zero
to hundred percent of unity. Probability of correct classification is
the same regardless of which vector is generated in the orthogonal set
and therefore only one vector is shown.
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B. Classification of Non-Uniform Distribution of Symbolsin
the Vector Space

Let us now consider the two different vector configurations
in Figs. 2a and 2b. The Euclidian distance measure [2] gives
the same selectivity value in both cases (45.4%), and therefore
does not make any distinction between them. We now calculate
the probability of correct classification for each case for
various levels of random noise as shown in Fig. 3a and 3b
respectively. Unlike the orthogonal set in Fig. 1, the
probabilities are different depending on which vector in the set
is generated. The probability of correct classification is higher
for those vectors on either side of the distribution than the ones
in the middle. A comparison of Fig. 3a and 3b reveals that the
vectors of each set have different levels of noise tolerance.
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Fig. 2. Two different configurations of five unit vectors in 2
dimensional space. Vector angles from horizontal are A) 0, 20, 40, 60,
and 75 degrees, B) 0, 39, 45, 51, and 90 degrees.
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Fig. 3. Probability of correct classification for the vectors shown
in Fig. 2a and 2b are plotted in A and B respectively using the
Monte-Carlo method (10,000 realization of the noise component
for each point). Labels indicate which vectors in Fig. 2 are
generated.

C. Information Transfer Rate vs. Noise

The probability of generation for each vector in the alphabet
and the rate at which these vectors will be generated are the
functions of the source, i.e. dependent on the subject who
generates the signals volitionally, or the task that is being
conducted. Thus, we will assume that all the vectors are
generated with equal probability and will use bit rateftria
rather than bits/second to eliminate the subject/task dependency
of the analysis. Having found the probabilities of correct (p;)
and false (p;) classification statistically, one can calculate the
bit rate/trial using the classic formula given by Shannon for the
information rate[7]:

N
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where N is the number of vectors (symbols), P; is the
probability of generation for each vector (here all are assumed
to be equal to 1/N), and p; indicates probability of classifying
i™ vector as ™ vector.

The corresponding bit rates to the cases shown in Figs. 3a
and 3b are plotted in Fig. 4. The theoretica maximum
information transfer rate for a channel that has an aphabet of 5
symbols is 2.32 bits for zero noise as shown in Fig. 4. The bit
rate falls as the noise is increasing. Notice the large difference
in the bit rates for noise levels lower than 20%. This is due to
difference in the location of the vectors in the two dimensional
space (Fig. 2).

A plot of information transfer rate vs. noise may not be
convenient to describe the effectiveness of a neura interface.
Instead, one may prefer to take a representative value from the
information transfer rate vs. noise graph and convey that single
value. For instance, one may use the noise value at which the
bit rate drops to 90% of the maximum theoretical bit rate. The
noise tolerances that correspond to 90% of the maximum bit
rate (2.088 bitg/trial) are 3.22% and 8.54% respectively for the
cases A and B in Fig. 4.
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Fig. 4. Information rate against varying amounts of noise for the
casesin Fig. 2.



I11. CONCLUSIONS/ DISCUSSION

This simulation shows that any measure of selectivity for a
multi-channel neural interface should account for noise. The
location of each symbol in the vector space determines the
discriminability of that channel at the given noise level, which
in turn has a contribution to the overall information transfer
rate for the interface. Noise tolerance may be a more practical
measure for channel discrimination of neural interfaces than
selectivity measures that do not account for noise [1-3].

This analysis assumes that al the symbols (or measurement
vectors) are generated with equal probability (P;). One can
calculate the maximum transfer rate (i.e. channel capacity) by
adjusting the probabilities of the source and thus matching it to
the channel for each different level of noise. The channel
capacity can be plotted as a function of noise to study the noise
tolerance of the interface. However, one usually does not have
the flexibility to change the probabilities of occurrence for each
symbol once the channels are dedicated to certain tasks in a
neural prosthetic application. Thus, here we assumed that al
the channels are used with equal probability.

The signals here could be the neural signals obtained from
sensory peripheral nerves that are used to close a control loop
in aneura prosthetic device or could be the signals recorded

from the central nervous system as a means of generating
voluntary command control. In either case, the theoretical
analysis described in this paper can be adopted to compare
various selective recording methods/interfaces in terms of their

performance.
REFERENCES

[1] M. Sahin and D.M. Durand, "Selective recordings with a multi-contact
nerve cuff electrode" 18th Annual International Conference of the IEEE Eng.
in Med. and Biol. Soc., Amsterdam, Netherlands, 1996.

[2] Y. Chen, P.R. Christensen, K.D. Strange, and J.A. Hoffer, “Multi-Channel
Recordings from Peripheral Nerves: 2: Measurement of Selectivity,” Proc. of
the Second Annual IFESS Conference and Neural Prosthesis, British
Columbia, Canada, 1997.

[3] 3J. Struijk, M.K. Haugland, and M. Thomsen, “Fascicle selective recording
with a nerve cuff electrode,” Annual International Conference of the |IEEE
Eng. in Med. and Biol. Soc, Amsterdam, The Netherlands, 1996.

[4] B. K. Lichtenberg, and C. J. DeLuca, “Distinguishability of Functionally
Distinct Evoked Neuroelectric Signals on the Surface of a Nerve,” |EEE Tran.
on Biomed. Eng., val. 26, pp. 228-237, 1979.

[5] M. Sahin, “Selective recordings of motor signals from the
corticospinaltract,” Proc. of the Sixth Annual IFESS Conference and Neural
Prosthesis, Cleveland, Ohio, USA, 2001.

[6] R.J. Wolfaw et al., “Brain-Computer Interface Technology: A Review of
the First International Meeting,” |EEE Tran. on Rehab. Eng., vol. 8, pp. 164-
173, 2000.

[7] C.E. Shannon, and W. Weaver, The Mathematical Theory of
Communication, The University of Illinois Press, Urbana, 1949, pp. 34-48.



	Main Menu
	-------------------------
	Welcome Letter
	Chairman Address
	Keynote Lecture
	Plenary Talks
	Mini Symposia
	Workshops
	Theme Index
	1.Cardiovascular Systems and Engineering 
	1.1.Cardiac Electrophysiology and Mechanics 
	1.1.1 Cardiac Cellular Electrophysiology
	1.1.2 Cardiac Electrophysiology 
	1.1.3 Electrical Interactions Between Purkinje and Ventricular Cells 
	1.1.4 Arrhythmogenesis and Spiral Waves 

	1.2. Cardiac and Vascular Biomechanics 
	1.2.1 Blood Flow and Material Interactions 
	1.2.2.Cardiac Mechanics 
	1.2.3 Vascular Flow 
	1.2.4 Cardiac Mechanics/Cardiovascular Systems 
	1.2.5 Hemodynamics and Vascular Mechanics 
	1.2.6 Hemodynamic Modeling and Measurement Techniques 
	1.2.7 Modeling of Cerebrovascular Dynamics 
	1.2.8 Cerebrovascular Dynamics 

	1.3 Cardiac Activation 
	1.3.1 Optical Potential Mapping in the Heart 
	1.3.2 Mapping and Arrhythmias  
	1.3.3 Propagation of Electrical Activity in Cardiac Tissue 
	1.3.4 Forward-Inverse Problems in ECG and MCG 
	1.3.5 Electrocardiology 
	1.3.6 Electrophysiology and Ablation 

	1.4 Pulmonary System Analysis and Critical Care Medicine 
	1.4.1 Cardiopulmonary Modeling 
	1.4.2 Pulmonary and Cardiovascular Clinical Systems 
	1.4.3 Mechanical Circulatory Support 
	1.4.4 Cardiopulmonary Bypass/Extracorporeal Circulation 

	1.5 Modeling and Control of Cardiovascular and Pulmonary Systems 
	1.5.1 Heart Rate Variability I: Modeling and Clinical Aspects 
	1.5.2 Heart Rate Variability II: Nonlinear processing 
	1.5.3 Neural Control of the Cardiovascular System II 
	1.5.4 Heart Rate Variability 
	1.5.5 Neural Control of the Cardiovascular System I 


	2. Neural Systems and Engineering 
	2.1 Neural Imaging and Sensing  
	2.1.1 Brain Imaging 
	2.1.2 EEG/MEG processing

	2.2 Neural Computation: Artificial and Biological 
	2.2.1 Neural Computational Modeling Closely Based on Anatomy and Physiology 
	2.2.2 Neural Computation 

	2.3 Neural Interfacing 
	2.3.1 Neural Recording 
	2.3.2 Cultured neurons: activity patterns, adhesion & survival 
	2.3.3 Neuro-technology 

	2.4 Neural Systems: Analysis and Control 
	2.4.1 Neural Mechanisms of Visual Selection 
	2.4.2 Models of Dynamic Neural Systems 
	2.4.3 Sensory Motor Mapping 
	2.4.4 Sensory Motor Control Systems 

	2.5 Neuro-electromagnetism 
	2.5.1 Magnetic Stimulation 
	2.5.2 Neural Signals Source Localization 

	2.6 Clinical Neural Engineering 
	2.6.1 Detection and mechanisms of epileptic activity 
	2.6.2 Diagnostic Tools 

	2.7 Neuro-electrophysiology 
	2.7.1 Neural Source Mapping 
	2.7.2 Neuro-Electrophysiology 
	2.7.3 Brain Mapping 


	3. Neuromuscular Systems and Rehabilitation Engineering 
	3.1 EMG 
	3.1.1 EMG modeling 
	3.1.2 Estimation of Muscle Fiber Conduction velocity 
	3.1.3 Clinical Applications of EMG 
	3.1.4 Analysis and Interpretation of EMG 

	3. 2 Posture and Gait 
	3.2.1 Posture and Gait

	3.3.Central Control of Movement 
	3.3.1 Central Control of movement 

	3.4 Peripheral Neuromuscular Mechanisms 
	3.4.1 Peripheral Neuromuscular Mechanisms II
	3.4.2 Peripheral Neuromuscular Mechanisms I 

	3.5 Functional Electrical Stimulation 
	3.5.1 Functional Electrical Stimulation 

	3.6 Assistive Devices, Implants, and Prosthetics 
	3.6.1 Assistive Devices, Implants and Prosthetics  

	3.7 Sensory Rehabilitation 
	3.7.1 Sensory Systems and Rehabilitation:Hearing & Speech 
	3.7.2 Sensory Systems and Rehabilitation  

	3.8 Orthopedic Biomechanics 
	3.8.1 Orthopedic Biomechanics 


	4. Biomedical Signal and System Analysis 
	4.1 Nonlinear Dynamical Analysis of Biosignals: Fractal and Chaos 
	4.1.1 Nonlinear Dynamical Analysis of Biosignals I 
	4.1.2 Nonlinear Dynamical Analysis of Biosignals II 

	4.2 Intelligent Analysis of Biosignals 
	4.2.1 Neural Networks and Adaptive Systems in Biosignal Analysis 
	4.2.2 Fuzzy and Knowledge-Based Systems in Biosignal Analysis 
	4.2.3 Intelligent Systems in Speech Analysis 
	4.2.4 Knowledge-Based and Neural Network Approaches to Biosignal Analysis 
	4.2.5 Neural Network Approaches to Biosignal Analysis 
	4.2.6 Hybrid Systems in Biosignal Analysis 
	4.2.7 Intelligent Systems in ECG Analysis 
	4.2.8 Intelligent Systems in EEG Analysis 

	4.3 Analysis of Nonstationary Biosignals 
	4.3.1 Analysis of Nonstationary Biosignals:EEG Applications II 
	4.3.2 Analysis of Nonstationary Biosignals:EEG Applications I
	4.3.3 Analysis of Nonstationary Biosignals:ECG-EMG Applications I 
	4.3.4 Analysis of Nonstationary Biosignals:Acoustics Applications I 
	4.3.5 Analysis of Nonstationary Biosignals:ECG-EMG Applications II 
	4.3.6 Analysis of Nonstationary Biosignals:Acoustics Applications II 

	4.4 Statistical Analysis of Biosignals 
	4.4.1 Statistical Parameter Estimation and Information Measures of Biosignals 
	4.4.2 Detection and Classification Algorithms of Biosignals I 
	4.4.3 Special Session: Component Analysis in Biosignals 
	4.4.4 Detection and Classification Algorithms of Biosignals II 

	4.5 Mathematical Modeling of Biosignals and Biosystems 
	4.5.1 Physiological Models 
	4.5.2 Evoked Potential Signal Analysis 
	4.5.3 Auditory System Modelling 
	4.5.4 Cardiovascular Signal Analysis 

	4.6 Other Methods for Biosignal Analysis 
	4.6.1 Other Methods for Biosignal Analysis 


	5. Medical and Cellular Imaging and Systems 
	5.1 Nuclear Medicine and Imaging 
	5.1.1 Image Reconstruction and Processing 
	5.1.2 Magnetic Resonance Imaging 
	5.1.3 Imaging Systems and Applications 

	5.2 Image Compression, Fusion, and Registration 
	5.2.1 Imaging Compression 
	5.2.2 Image Filtering and Enhancement 
	5.2.3 Imaging Registration 

	5.3 Image Guided Surgery 
	5.3.1 Image-Guided Surgery 

	5.4 Image Segmentation/Quantitative Analysis 
	5.4.1 Image Analysis and Processing I 
	5.4.2 Image Segmentation 
	5.4.3 Image Analysis and Processing II 

	5.5 Infrared Imaging 
	5.5.1 Clinical Applications of IR Imaging I 
	5.5.2 Clinical Applications of IR Imaging II 
	5.5.3 IR Imaging Techniques 


	6. Molecular, Cellular and Tissue Engineering 
	6.1 Molecular and Genomic Engineering 
	6.1.1 Genomic Engineering: 1 
	6.1.2 Genomic Engineering II 

	6.2 Cell Engineering and Mechanics 
	6.2.1 Cell Engineering

	6.3 Tissue Engineering 
	6.3.1 Tissue Engineering 

	6.4. Biomaterials 
	6.4.1 Biomaterials 


	7. Biomedical Sensors and Instrumentation 
	7.1 Biomedical Sensors 
	7.1.1 Optical Biomedical Sensors 
	7.1.2 Algorithms for Biomedical Sensors 
	7.1.3 Electro-physiological Sensors 
	7.1.4 General Biomedical Sensors 
	7.1.5 Advances in Biomedical Sensors 

	7.2 Biomedical Actuators 
	7.2.1 Biomedical Actuators 

	7.3 Biomedical Instrumentation 
	7.3.1 Biomedical Instrumentation 
	7.3.2 Non-Invasive Medical Instrumentation I 
	7.3.3 Non-Invasive Medical Instrumentation II 

	7.4 Data Acquisition and Measurement 
	7.4.1 Physiological Data Acquisition 
	7.4.2 Physiological Data Acquisition Using Imaging Technology 
	7.4.3 ECG & Cardiovascular Data Acquisition 
	7.4.4 Bioimpedance 

	7.5 Nano Technology 
	7.5.1 Nanotechnology 

	7.6 Robotics and Mechatronics 
	7.6.1 Robotics and Mechatronics 


	8. Biomedical Information Engineering 
	8.1 Telemedicine and Telehealth System 
	8.1.1 Telemedicine Systems and Telecardiology 
	8.1.2 Mobile Health Systems 
	8.1.3 Medical Data Compression and Authentication 
	8.1.4 Telehealth and Homecare 
	8.1.5 Telehealth and WAP-based Systems 
	8.1.6 Telemedicine and Telehealth 

	8.2 Information Systems 
	8.2.1 Information Systems I
	8.2.2 Information Systems II 

	8.3 Virtual and Augmented Reality 
	8.3.1 Virtual and Augmented Reality I 
	8.3.2 Virtual and Augmented Reality II 

	8.4 Knowledge Based Systems 
	8.4.1 Knowledge Based Systems I 
	8.4.2 Knowledge Based Systems II 


	9. Health Care Technology and Biomedical Education 
	9.1 Emerging Technologies for Health Care Delivery 
	9.1.1 Emerging Technologies for Health Care Delivery 

	9.2 Clinical Engineering 
	9.2.1 Technology in Clinical Engineering 

	9.3 Critical Care and Intelligent Monitoring Systems 
	9.3.1 Critical Care and Intelligent Monitoring Systems 

	9.4 Ethics, Standardization and Safety 
	9.4.1 Ethics, Standardization and Safety 

	9.5 Internet Learning and Distance Learning 
	9.5.1 Technology in Biomedical Engineering Education and Training 
	9.5.2 Computer Tools Developed by Integrating Research and Education 


	10. Symposia and Plenaries 
	10.1 Opening Ceremonies 
	10.1.1 Keynote Lecture 

	10.2 Plenary Lectures 
	10.2.1 Molecular Imaging with Optical, Magnetic Resonance, and 
	10.2.2 Microbioengineering: Microbe Capture and Detection 
	10.2.3 Advanced distributed learning, Broadband Internet, and Medical Education 
	10.2.4 Cardiac and Arterial Contribution to Blood Pressure 
	10.2.5 Hepatic Tissue Engineering 
	10.2.6 High Throughput Challenges in Molecular Cell Biology: The CELL MAP

	10.3 Minisymposia 
	10.3.1 Modeling as a Tool in Neuromuscular and Rehabilitation 
	10.3.2 Nanotechnology in Biomedicine 
	10.3.3 Functional Imaging 
	10.3.4 Neural Network Dynamics 
	10.3.5 Bioinformatics 
	10.3.6 Promises and Pitfalls of Biosignal Analysis: Seizure Prediction and Management 



	Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	Ö
	P
	Q
	R
	S
	T
	U
	Ü
	V
	W
	X
	Y
	Z

	Keyword Index
	-
	¦ 
	1
	2
	3
	4
	9
	A
	B
	C
	D
	E
	F
	G
	H
	I
	i
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Committees
	Sponsors
	CD-Rom Help
	-------------------------
	Return
	Previous Page
	Next Page
	Previous View
	Next View
	Print
	-------------------------
	Query
	Query Results
	-------------------------
	Exit CD-Rom


